Abstrucf-This paper introduces a new algorithm for the automatic synthesis of SPICE-ready equivalent circuits of complex multiport lumped interconneet structures. The method is named Tie-Domain Vector Fitting (TD-VF) due to its analogy to the well-known Vector Fitting algorithm, which operates in frequency domain. The TD-VF computes a rational approximation of the transfer matrix for the structure under modeling using as raw data its transient port responsw to suitable excitations. 
I. INTRODUCTION
The signal integrity of electronic systems may be strongly affected by discontinuities in the signal propagation paths. Such discontinuities can be vias and via arrays, bends, junctions, connectors, etc. A careful assessment requires a proper modeling of such structures in order to be able to reproduce their effects on the signals. This modeling procedure should take into account geometry and material properties, thus requiring a complex full-wave electromagnetic analysis. Instead of applying this costly analysis to the entire system, we consider its subparts separately. Each sub-structure is characterized via full-wave analysis (and/or by direct measurement). The pon responses that are obtained are used to derive suitable macromodels of each sub-structure. Finally. all the macromodels are translated into an equivalent circuit, in order to connect them and to run a system-level transient analysis using a standard SPICE-like circuit solver. This analysis can be finalized to investigate couplings, to compute eye diagrams for safe transmission, etc.
The 
where C-' is the inverse Laplace operator and t denotes convolution. We remark that this type of data set is the natural outcome of time-domain full-wave electromagnetic solvers (transient scattering waveforms being the typical format). The objective is the derivation of a rational approximation since this can b e easily translated into an equivalent circuit.
we first split them into separate subsets. Let
Since the entire dataset of port responses may be very large,
collect some Pk pairs of input-output responses selected from the global set. Matrices Pk and Qk are pk x P port selectors having a single unitary entry in each row with all the other entries vanishing. These vectors of partial responses can be related in the Laplace domain via
Y~s )
= H k ( s ) X k (~) , (4) where H~ ( s ) is diagonal and stores the entries of the global transfer matrix H ( s ) corresponding to the selected port responses. It is assumed that all input-output pairs appear only once in this subdivision for some index k. Therefore, we can easily show that Y In the following we will first look for a partial macromodel for each H~( s ) in the form with diagonal Hk,, and Rk,n. Then, we will use ( 5 ) to recover the global macromodel for the entire structure.
The identification of the unknown poles, residues and direct coupling constants in (6) from the set of time-domain responses is performed here by the Time-Domain Vector Fitting (TD-VD algorithm 131, [4] . This is a time-domain reformulation of the well-known Vector Fitting (VF) method [SI, which operates in frequency domain. The main steps of the TD-VF algorithm are summarized in the following paragraphs.
We first introduce, as for standard VF [SI, a scalar weight function with fixed (initial) poles { q k + } and unknown residues {rk,,,}. This function is used to enforce the following condition, According to this condition, the right-hand-side must have the same poles {qk,,,} as the weight function, a cancellation between the zeros of U k ( S ) and the poles { p k + } of H k ( s ) must occur. Therefore (8) is first solved for the unknown residues {rk,*}, then the zeros {qn} are computed using standard techniques 181. This procedure leads to the macromodel poles pk,n = z~,,.
In order to use transient responses in the poles identification, we reformulate (8) in time domain by applying it to the input signals X , ( s ) and by using inverse Laplace transform. We get where the transient waveforms
vn('-T)+k(T),-T,
(10) t yk,n(t) = I eqt.,*(t-r) Yk(T)dT are convolutions resulting from inverse Laplace transform of each partial fraction in the expansions (7)-(8). These waveforms are easily obtained by applying a suitable discretization of the convolution integrals. We remark that due to the exponential nature of the convolution kernels, a fast implementation based on recursive convolutions, i.e., digital IIR filtering, is used [31, [4] .
The condition (9) is enforced in least squares sense using raw and filtered inputloutput sequences. Solution of this linear system returns the residues {rk,"} of the weight function, which in turn are used as in standard VF to compute its zeros {ik,"}, and consequently the poles {pk,,,} of the sought approximation. Once these poles are known, the residues R k . * and the direct coupling matrix Hk,m in (6) are computed by solving another linear least squares problem,
( 1 1) with %+(t) defined as in (10) with {ql;,n} replaced by the estimated poles {pk,,,}. As a final step, the poleslresidues representation (6) is translated by standard techniques into an equivalent state-space representation This representation allows to construct a state-space representation for the macromodel of the entire structure by tiling the partial state matrices as basic blocks into the global matrices below
This is performed using the port selector matrices in (5). Note that the resulting state matrices are possibly large but vely sparse by construction.
The resulting macromodel is usually characterized by excellent accuracy. It is stable by consuuction. However, it might not be passive since it was identified by a sequence of least squares solutions that do not guarantee passivity a priori. Since a non-passive macromodel can lead to unstable solutions when its terminations are changed, passivity must be checked and enforced.
PASSIVITY CHARACTERIZATION AND COMPENSATION
We recall that passivity for the adopted scattering representation requires that all singular values of the transfer matrix be bounded by one. Here we check this condition using a purely algebraic criterion based on the so-called Hamiltonian matrix. Re-compute R Until R is empty. F u h e r details can be found in [SI, [6] .
IV. EXAMPLES
The first example is a single via interconnect crossing a solid metal plane (Fig. 2) . Two pow are defined between the vertical conductor and tophonom ground planes. The structure has been meshed and analyzed via the Partial Element Equivalent Circuit (PEW) method. A time-domain full-wave formulation has been adopted to obtain the scattering port responses (referenced to 500 loads) to a unitary triangle pulse excitation with a IO ps rise and fall time. These responses have been processed by TD-VF using a 5-pole approximation. The resulting macromodel is characterized by a small passivity violation, which has been corrected by the Hamiltonian-based algorithm (Fig. 3, top panel) . The three sets of transient responses (original, non-passive macromodel, passive macromodel) are depicted in the bottom panel of Fig. 3 , showing excellent accuracy. On this scale, almost no difference is visible between the raw data and the two macromodel responses. The second example is a commercial 14-pin package depicted in Fig. 4 . The structure has p = 28 ports, half being defined between a corresponding pin and the printed circuit board on which the package is mounted, and half being defined between the bonding pad on the included die and the reference plane below the die itself. The structure has been meshed and analyzed with a full-wave electromagnetic solver based on the The last example we investigate is the powerlground struct u x depicted in Fig. 6 . A 16cm x IOcm FCB with thickness I .4 mm is considered. For isolation Dumoses a power 1 defined using a 500 reference load. The raw-dataseiconsists therefore of a 2 x 2 matrix of transient scattering responses due to Gaussian pulse excitation having a 3 GHz frequency bandwidth at the -20 dB level. Due to the geometry of the structure, the electromagnetic energy remains trapped for a long time between the two metal planes, exciting the board resonances. As a result, the transient waveforms exhibit a long transient. In order to let this transient vanish so that FFT can reliably used to compute the frequency-domain scattering matrix, a long simulation time would be required (up to loo0 ns). However, we stopped the transient simulation after 100 ns (i.e., 10% of this minimum time) and we used the truncated waveforms for the estimation of the macromodel using the TD-VF algorithm A total number of 80 poles were used for the macromodel in order to capture all the resonances within the bandwidth of interest. The macromodel resulted non-passive after the Hamiltonian-based test, as illustrated in This example shows that the T I -V F algorithm combined with Hamiltonian-based passivity compensation can be very useful in modeling structures characterized by strong resonances, since truncated transient responses can be used for the model identification.
V. CONCLUSION
This paper presented a new macromodeling technique that works entirely in the time domain. A complete set of transient responses of the structure under investigation to given stimuli constitutes the raw dataset used for the identification of a lumped macromodel, which can he synthesized using standard techniques into a SPICE-ready subcircuit for system-level Signal Integrity analysis. This method is applicable whenever frequency-domain data are unavailable or difficult to compute.
An example can be highly resonant structures characterized by slowly decaying transients. The computational core of the technique is the Time-Domain Vector Fitting algorithm, here formulated in a partitioned form enabling the macromodeling of structures with possibly many ports. In addition, passivity is checked and enforced a posteriori using spectral perturbation of associated Hamiltonian matrices.
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